1. Introduction {#sec1}
===============

The replacement of Pt and Pt alloys with non-precious-metal-based catalysts for oxygen reduction reaction (ORR) is considered the Holy Grail for electrocatalysis-related efforts.^[@ref1]^ Most early studies were primarily focused on pyrolysis of macrocycles containing an existing metal--nitrogen (M--N~4~) center.^[@ref2]−[@ref5]^ Later, however, it was found that starting from precursors that do not contain an existing M--N~4~ moiety also results in relatively high ORR activity.^[@ref6]−[@ref10]^ The principal distinction between those prepared from pyrolysis of existing M--N~4~ moieties and aforementioned reports of more recent vintage, where active sites evolve based on choice of appropriate precursors and pyrolysis conditions, is the nature of the evolved active site resulting in significant reduction of overpotential in ORR activity for the latter.^[@ref5],[@ref9],[@ref11],[@ref12]^

Considering the most recent progress, where active sites are evolved using precursor materials with no existing M--N~4~ coordination, several classes of synthetic approaches have emerged in terms of materials strategies requiring diverse combinations of metal--nitrogen--carbon (MNC) precursors and pyrolysis conditions. These include (1) reactive polymer approach (such as those using polyaniline^[@ref9]^ or polyethylenimine^[@ref13]^), (2) small chelating compounds (i.e., pyridine,^[@ref14]^ aminoantipyrine,^[@ref15]−[@ref19]^ phenanthroline^[@ref20]^), or (3) active-nitrogen carrying gas molecules such as ammonia.^[@ref20]^ Each of these approaches has shown very promising activity for ORR.^[@ref8],[@ref10],[@ref15],[@ref22]^ However, based on the aforementioned progress toward higher ORR activity, it is imperative to elucidate fundamental questions such as (a) what is the role of the transition metal in ORR activity, (b) is the ORR active site a singular or bifunctional in nature, and (c) considering the success reported in engendering active ORR catalysts with such pluralistic use of precursor materials, is there a common active site for all these diverse materials or do they represent a cornucopia of diverse active sites? Hence, understanding the nature of the active site and the origin of ORR activity on these materials is critically needed to expedite the process for achieving activity close to 1/10th of the Pt/C mass activity (A/g~Pt~)^[@ref23]^ and stability targets (5000 h).^[@ref24]^

Despite some speculations that there is no need for presence of the metal centers for the initiation of oxygen reduction process,^[@ref25]−[@ref27]^ a current number of reports unequivocally point toward the critical importance of metal--nitrogen coordinated sites M--N~*x*~ (in most cases M = Fe)^[@ref8],[@ref28]−[@ref31]^ essentially embedded within the microporous skeleton of the carbon scaffold of non-PGM catalysts^[@ref8]^ when the metal center is coordinated with pyridinic^[@ref5],[@ref31]^ or pyrrolic^[@ref32]^ nitrogen atoms.

Recently,^[@ref33]^ we have shown Fe--N centers in pyrolyzed metal macrocycles with ORR activity governed by the metal--oxygen interaction in a similar fashion to the unpyrolyzed heme centers, where the initial oxygen adsorption on metal cation is directly related to its redox transition.^[@ref34]−[@ref39]^ Here, for the first time we show a corroborative multiple-source data that confirms the formation of Fe--N~4~ moieties upon pyrolysis of various non-N~4~ consisting materials. Similar to the biomimetic heme moieties, the Fe--N~4~ center undergo Fe^2+^/Fe^3+^ redox transition which strongly relates to the initiation step of the oxygen reduction process. In alkaline electrolyte, the pyrolytically derived metal--nitrogen coordinated Fe--N~*x*~--C centers catalytically convert molecular oxygen to water^[@ref30]^ as a result of an optimal stabilization of peroxide anion (HO~2~^--^) intermediate on the metal--nitrogen coordinated sites with the entire 4e^--^ reduction occurring as a single-site process on the Fe^2+^--N~*x*~ center.^[@ref30]^ On the contrary, it is shown here that while the primary Fe^2+^--N~*x*~ active site is still responsible for the initiation of oxygen reduction to hydrogen peroxide (H~2~O~2~) molecular intermediate in acid electrolyte, there is a need for secondary active centers adjacent to the Fe^2+^--N~*x*~ sites to complete the 4e^--^ process due to the poor stabilization of H~2~O~2~ molecular intermediate on the Fe^2+^--N~*x*~ sites. As the recent group of transition-metal-based catalyst derived from non-N~4~ precursors facilitate overall 4e^--^ ORR mechanism with high onset potential, the pluralistic nature of their catalytic sites becomes increasingly favored. Olson et al.,^[@ref40]^ as one of the first, proposed a bifunctional mechanism presenting evidence favoring two-step ORR pathways with the second step occurring on the metal nanoparticles coated with a thin layer of their native oxides (M/M~*x*~O~*y*~).^[@ref40]^ Considering the possible of lack of stability of the transition metal nanoparticles and their oxides in an acidic environment, the role of the M/M~*x*~O~*y*~ as secondary active sites has been widely challenged.^[@ref41]^ According to the most recent evidence,^[@ref9],[@ref28],[@ref42]^ however, the best to date performing Fe--N~*x*~--C catalysts consist of some forms of metal nanoparticles and/or their oxides (Fe^0^/Fe~*x*~O~*y*~) which stay intact even after several acid washing and exposure to hours-long electrochemical experiments in acidic pH. This durability has been attributed to the presence of protective graphene-like layers surrounding the metal nanoparticles,^[@ref9],[@ref43]^ with a possible direct role in enhancing the ORR activity.^[@ref9],[@ref28],[@ref42]^ To this day, however, there is no coherent data unanimously supporting this hypothesis as most of the methods reported in prior literature involved the use of *ex situ* techniques, such as X-ray photoelectron spectroscopy (XPS).^[@ref41],[@ref44],[@ref45]^ Very limited work has been based on *in situ* studies of physical and electronic properties of the Fe--N--C catalysts, which often change largely under working conditions.^[@ref33],[@ref35],[@ref46]−[@ref48]^ Here, we use element-specific *in situ* XAS as a tool to effectively connect electrochemical data with site specific ORR pathways and mechanisms. We report for the first time incontrovertible experimental evidence of (a) the need for bifunctional active sites for ORR in acidic pH in contrast to (b) a single site process in alkaline conditions and (c) the evolution of common active sites on nonprecious catalysts across several laboratories with the same genesis derived using diverse approaches and precursor materials.

2. Results and Discussion {#sec2}
=========================

2.1. ORR Activity in pH 1 Electrolyte {#sec2.1}
-------------------------------------

Figures [1](#fig1){ref-type="fig"}a,b show a comparative ORR activity analysis on several Fe--N~*x*~--C catalysts pyrolytically synthesized across various laboratories. This was accomplished using diverse precursors such as poly(*N*-vinylamine guanidine) (PVAG), poly(ethylene imine) (PEI), aminoantipyrine (AAPyr), and varied synthetic methodologies such as the reactive polymer approaches ([Materials Preparation](#sec4.1){ref-type="other"} section) on standard carbon support and the sacrificial support method.^[@ref15]^ Despite the different synthesis procedures and precursors employed, each of these materials facilitate ORR at close range of onset potentials (∼0.85--0.87 V vs RHE). The variations in diffusion-limited current densities are a result of differences in density, nature, and distribution of the available active centers in the high surface area microporous carbon scaffolds. The observation of similar Tafel slopes with values in the range of 56--63 mV/decade (Figure [1](#fig1){ref-type="fig"} (inset) and [Supporting Information](#notes-2){ref-type="notes"} Table S1) is suggestive of a common rate-limiting step (RDS) involving one-electron transfer.^[@ref55]^ However, such a rudimentary interpretation is predicated on fact that this data is derived from high loading of catalysts, hence relatively lower active site density in an otherwise thick electrode necessitating an in-depth fundamental understanding of the catalyst structure and reaction mechanisms using other complementary methodologies. Even though the presence of a redox behavior in similarly derived group of catalysts has been proposed earlier,^[@ref23]^ here we show using a combination of both electrochemical and element-specific spectroscopic results a clear corelation between the redox transiton and onset of ORR. As observed in Figure [1](#fig1){ref-type="fig"}b, initiation of ORR is strongly correlated to the Fe^2+^/Fe^3+^ redox transition of the Fe--N~*x*~ moiety corraborated by the Fe K-edge XANES results discussed below.^[@ref20],[@ref28],[@ref30],[@ref31]^ Here we confirm not only presence of these moieties but more importantly direct involvement in catalytic initiation of ORR process in a similar fashion as in heme centers present in nonpyrolyzed N~4~-type structures (metal porphyrins and metal phthalocyanines)^[@ref36]−[@ref38]^ described via reaction [1-1](#eq1-1){ref-type="disp-formula"}:

![Electrochemical study of UNM Fe-8AAPyr, NEU PVAG-Fe, and xBPEIFe compared to BASF-ETEK 30% Pt/C in 0.1 M HClO~4~. (a) ORR polarization curves, with Tafel slopes in the inset, collected at 1600 rpm. (b) A typical for Fe--NC catalysts CV in O~2~-free (black) electrolyte with the clear Fe^2+^/Fe^3+^ redox transition between 0.7 and 0.9 V and corresponding ORR polarization curve (blue) collected with PVAG-Fe catalyst. Scan rate: 20 mV/s. Loading of FeNC catalysts: 0.6 mg/cm^2^ on 5.61 mm glassy carbon disk electrode. Loading of Pt/C: catalyst 25 μg~Pt~/cm^2^.](jp-2014-00781v_0001){#fig1}

2.2. Chemical Forms and Structure of the Iron Centers and Their Activity {#sec2.2}
------------------------------------------------------------------------

Forms of iron centers present in the Fe--N~*x*~--C catalysts and their behavior were studied using *in situ* (XAS). While the coordination number of the iron center and type of direct neighboring atoms can be identified by Fourier transform (FT) of the extended XAS fine structure (EXAFS), the X-ray absorption near-edge spectral (XANES) region permits monitoring any changes in oxidation state of these metal centers and the nature of surface adsorbates (though surface sensitive Δμ technique^[@ref56]^) as a function of alterations in experimental conditions. Consistent with the earlier observations regarding metal-coordinated functionalities in high temperature pyrolyzed materials, each of the analyzed Fe--N~*x*~--C catalysts including FeAAPyr,^[@ref15],[@ref16],[@ref18],[@ref19]^ PVAG-Fe, and additionally PANIFeCo developed at Los Alamos National Laboratory^[@ref9]^ consists of two types Fe moieties (Figure [2](#fig2){ref-type="fig"}a--c), namely, the metal--nitrogen coordinated centers of the form Fe--N~4~ and Fe/Fe~*x*~O~*y*~ nanoparticles (NPs). The secondary Fe--Fe FT XAS peaks well overlap with the spectra of standard metallic iron foil, suggesting that these peaks originate mainly from the Fe--Fe scattering in iron nanoparticles, Fe~NPs~ (Figure [2](#fig2){ref-type="fig"}a--c). The Fe--N~*x*~ could be fitted only with the Fe--N~4~ model structures formed by covalent incorporation of Fe--N~4~ active sites in divacant defects on the carbon basal plane ([Supporting Information](#notes-2){ref-type="notes"} Table S2) similarly to the Fe--N centers present in carbon-supported pyrolyzed Fe-porphyrin discussed in our earlier work.^[@ref33]^ Meanwhile, the peak at ∼2.8 Å indicates the presence of a small amount of iron oxides (Fe~*x*~O~*y*~). It is important to note that these secondary peaks related to the nanoparticles are present in all of the analyzed Fe--N~*x*~--C catalysts and stay intact during the whole experimental process (typically between 12 and 30 h) under standard conditions in acid electrolyte (pH 0--1 while applying potential bias between 0 and 1 V vs RHE).

![Fourier transform (FT) EXAFS of (a) LANL PANIFeCo compared with (b) PVAG-Fe and (c) UNM Fe-AAPyr catalysts collected on Fe-edge (7112 eV) in O~2~-saturated 0.1 M HClO~4~. Part b consists of *in situ* Fe K-edge PVAG-Fe EXAFS spectra compared with metallic Fe-foil (black) as standard. The main peak around 1.5 Å represents Fe--N~*x*~ form of the metal. The low intensity peaks above 2 Å and above 4 Å represent Fe--Fe bond, indicating the presence of Fe-nanoparticles in the heat-treated catalyst (green). *Note: all the radial distances given in this work are without phase correction.*](jp-2014-00781v_0002){#fig2}

As shown in Figure [3](#fig3){ref-type="fig"}a, the potential dependent shift to higher energies in Fe K-edge XANES spectra of typical Fe--N~*x*~--C catalyst coupled with the electrochemical redox transition in the range 0.7--0.9 V (Figure [3](#fig3){ref-type="fig"}a, inset) indicates the change in oxidation state of the iron metal center recently observed by Ferrandon et al.^[@ref57]^ The Fe K-edge shift increases until reaching maximum of ∼2.5 eV at 0.9 V (vs RHE) consistent with a net oxidation state change of a single electron per iron site implying a the redox transition of Fe^2+^--N~4~ to Fe^3+^--N~4~.^[@ref58]^ This coupled electrochemical and spectroscopic result along with the ORR polarization curves shown in Figure [1](#fig1){ref-type="fig"} unambiguously evidence the direct involvement of the metal center redox transition in the catalytic initiation of oxygen reduction process. Concomitant to the oxidation state change from Fe^2+^--N~4~ to Fe^3+^--N~4~, there is also a corresponding formation of oxygenated adsorbates (O--Fe^3+^--N~*x*~) which is observed here in Figure [3](#fig3){ref-type="fig"}b based on increase in intensity of the FT XAS peak at ∼1.5 Å at potentials above 0.7 V and attaining a maximum at 0.9 V vs RHE. This is also detected by surface sensitive Δμ methodology of the XANES spectra shown in Figure [4](#fig4){ref-type="fig"}a in the form of increased amplitude of the primary negative peak at 7126 eV when the potential bias exceeds 0.7 V (vs RHE). The oxygenated adsorbates on the Fe^3+^--N~4~ center shows no further increase at potentials higher than 0.9 V, suggesting full coverage of the catalytic Fe--N~4~ surface by the oxygenated species. By linking the fully covered Fe--N~4~ surface with the ORR onset (0.9 V, consistent with tail of the redox transition shown in Figure [1](#fig1){ref-type="fig"}), one can conclude that the Fe--N~4~ sites become occupied by hydroxyl species (OH^--^), originating from water activation (reaction [1-2](#eq1-2){ref-type="disp-formula"}), blocking actives sites from the molecular oxygen adsorption. Alternately, this implies that molecular O~2~ competes for Fe--N~4~ active sites with the oxygenated species formed via water activation. This is a well-known phenomenon involving platinum-based catalysts, where water activation is one of the main causes known for ORR overpotentials.^[@ref59]−[@ref61]^Here the oxidation state of the Fe--N center determines availability of the catalytic surface for the adsorption of molecular oxygen. This is governed by optimized binding energies between the Fe center and O~2~ and/or other nucleophilic species present in the system (including OH^--^ originating from water activation). The iron 2+ oxidation state ensures efficient adsorption/desorption of the O~2~, ORR intermediates, and/or products. Our *in situ* observations of the Fe/electrolyte interface undoubtedly confirm that in case of the Fe^3+^--N~4~ the adsorption energy between Fe--O (O~2~, OH^--^, O~2~H^--^) is too large, resulting in poisoning the active Fe--N surface. One-electron reduction of the pentacoordinate HO--Fe^3+^--N~4~ site to the square-planar Fe^2+^--N~4~ active site which is devoid of any oxygenated water activation species on the axial position ensures initial molecular adsorption of molecular oxygen on the active site.^[@ref32],[@ref33],[@ref62]^ This is the first time, however, where we show a clear experimental proof observed spectroscopically and electrochemically.

![(a) Potential dependent normalized Fe K-edge XANES spectra with corresponding redox peak transition shown in inset as a background-subtracted square wave voltammetry profile collected in oxygen-free 0.1 M HClO~4~. (b) Fourier Transform of the extended region of the XAS spectra collected *in situ* at Fe K-edge (7112 eV) of PVAG-Fe catalyst.](jp-2014-00781v_0003){#fig3}

![(a) Δμ spectra of PVAG-Fe collected *in situ at* Fe K-edge representing changes on the Fe-surface through the range of potentials due to metal interaction with oxygenated adsorbates. (b) Experimental Δμ of fully covered active surface (in this case attained at 0.9 V) compared to (c) the theoretical model consisting of 93% FeN~4~C~10~--O and 7% O--Fe~NPs~. Experimental Δμ signatures were obtained by subtracting the XANES signatures according to Δμ = μ(0.90 V) -- μ(0.30 V). More detailed information on the methodology used to obtain the theoretical model is given in the [Supporting Information](#notes-2){ref-type="notes"} (Figure S3).](jp-2014-00781v_0004){#fig4}

Contribution of the XANES and FT EXAFS signals of the minor Fe~NPs~/C form is likely overshadowed with the majority of the Fe--N moieties. Considering this limitation, the catalytic participation of the metal nanoparticles (earlier detected by FT EXAFS spectra) was investigated by verifying any surface interactions of the Fe~NPs~/C with adsorbates through employment of the subtractive Δμ technique. The increase in amplitude of the Δμ spectra of the PVAG-Fe catalyst as a function of potential (Figure [4](#fig4){ref-type="fig"}a) is a result of the interaction of both Fe-centers (Fe--N~4~C and Fe~NPs~/C) with adsorbates (O~2~, O(H), O~2~H^--^). This was confirmed with the model Δμ signature build as a linear combination of 93% FeN~4~C~10~ and 7% Fe~NPs~ contents (Figure [4](#fig4){ref-type="fig"}b,c) as described in the [Supporting Information](#notes-2){ref-type="notes"} (Figure S4). The maximum in amplitude of both the negative and the positive Δμ peaks (Figure [4](#fig4){ref-type="fig"}a) was attained at 0.9 V with no further changes above this potential as the active surface become fully covered by the adsorbates.

2.3. Oxygen Reduction Mechanistic Functionality of Fe--N~4~/C and Fe~NPs~/C Centers {#sec2.3}
-----------------------------------------------------------------------------------

The distinct functions of the Fe~NPs~/C and Fe--N~4~--C were elucidated by monitoring changes in ORR activity and mechanistic pathways as result of selective removal or inhibition (poisoning effect) of one type of metal center at a time. The selective inhibition of the Fe--N centers was achieved with addition of cyanide anions (CN^--^), a well-known poison, to biomimetic Fe--N~4~ centers with high selectivity of forming very strong complexes with the oxidized form of the iron center (3+ oxidation state).^[@ref63]^ Additionally, the selective removal of the Fe~NPs~ moieites was based on treatment of the catalyst to voltammetric cycling while immersed in hydrogen peroxide containing acidic electrolyte (see [Experimental Section](#sec4){ref-type="other"}). Hydrogen peroxide is known to decompose in an acidic environment, especially in the presence of iron, to form highly reactive ^•^OH and ^•^OOH radicals. Peroxide radicals formed due to production of H~2~O~2~ as ORR byproduct are known to cause corrosion of carbon-supported catalytic metals in working fuel cell environment, resulting in irreversible dissolution of the metal particles.^[@ref64],[@ref65]^ A similar effect was expected here, upon external introduction of hydrogen peroxide. This, in reality, fairly slow process was accelerated by employing relatively large amounts of H~2~O~2~ and applying corrosive potentials. This treatment was expected to cause dissolution of the Fe~NPs~ through damage of their protective layers of the carbonaceous scaffold. As shown in Figure [5](#fig5){ref-type="fig"}, removal of these nanoparticles proved by FT EXAFS (Figure [5](#fig5){ref-type="fig"}c, significant reduction of the secondary peak at ∼2 Å corresponding to the Fe--Fe bonding in Fe/Fe~*x*~O~*y*~ with intact Fe--N~4~ peak) results in a substantial decrease of ORR activity in acidic environment (Figure [5](#fig5){ref-type="fig"}a) with increased (proportional to the distortion level) production of peroxide intermediate ([Supporting Information](#notes-2){ref-type="notes"}, Figure S2a,b). Contrarily, no detectable impact of the selective removal step is observed on ORR performance in alkaline electrolyte (Figure [5](#fig5){ref-type="fig"}b), which is consistent with our earlier report that in alkaline environment the entire 4e^--^ reduction process occurs on a single Fe--N~4~ active site. As shown in Figure [6](#fig6){ref-type="fig"}a, the peroxide treatment removed only the NPs form of metal, leaving the nitrogen coordinated metal cation intact. This result is in corroboration to the effect of cyanide poisoning of the Fe--N centers. It was earlier presented that the cyanide anions are able to poison Fe--N centers in pyrolyzed N~4~ macrocycles in alkaline electrolyte.^[@ref66]^ Here, we demostrate that the CN^--^ causes ORR inhibition in both ranges of pH, acid and alkaline. Introduction of CN^¯^ resulted in impaired ORR activity in both media by shifting ORR polarization curves toward the negative potentials (Figure [6](#fig6){ref-type="fig"}). Further, while the CN^--^ poisoning did not affect overall mechanism of ORR in acid (Figure [6](#fig6){ref-type="fig"}a--c), a clear change from 4e^--^ to 2e^--^ ORR pathway was observed in alkaline (Figure [6](#fig6){ref-type="fig"}b--d), which is demonstrated with the positive shift of the ring oxidation onset, once again clearly confirming the function of the Fe--N~4~ center as primary active site in both media. This behavior results from blocking the primary Fe--N~4~ center responsible for 4e^--^ oxygen reduction, leaving only the active sites (i.e., nitrogen-doped carbon present in the MNC structure) with capability to form hydrogen peroxide through the two pathways. The negative shift of polarization curve along with the unaltered nature of the mechanism in the acid pH upon cyanide addition (Figure [6](#fig6){ref-type="fig"}a--c) suggests that, like in the natural heme structures, the CN^--^ strongly interacts only with the Fe^3+^ form of the Fe--N~4~ center, hindering its back-reduction to the Fe^2+^ state (represented as slight negative shift of the redox peak shown in the inset of Figure [6](#fig6){ref-type="fig"}a) and consequently suppressing initiation process of the ORR in both media.

![Destructive effect of peroxide treatment represented by ORR RRDE curves of the PVAG-Fe catalyst in 0.1 M HClO~4~ (a) and in 0.1 M KOH (b), initially (---) and after destructive treatment (- - -). Scan rate: 20 mV/s. Loading of FeNC catalysts: 0.6 mg/cm^2^ on 5.61 mm glassy carbon ring disk electrode. (c) FT EXAFS Fe-edge spectra of PVAG-Fe catalyst before (black) and after (blue) the treatment.](jp-2014-00781v_0005){#fig5}

![Effect of CN^--^ poisoning of Fe--N~4~ center in the xPEI-Fe catalyst: Polarization curves and ring currents in 0.1 M HClO~4~ (a--c) and 0.1 M KOH (b--d), respectively. RRDE: RHE ref, Au-GC 0.2472 cm^2^, 900 rpm, 20 mV·s and 0.6 mg/cm^2^ catalyst loading, at 0, 10, and 20 mM KCN. The inset in (a) shows Fe^2+^/Fe^3+^ redox with and without presence of the CN anions in cyclic voltammogram collected in O~2~-free 0.1 M HClO~4~. RDE: RHE ref, Au-GC 0.247 cm^2^, 20 mV·s. Introduction of the CN^--^ results in noticeable shift of the back reduction of the Fe^3+^ to Fe^2+^ due to formation of Fe^3+^--CN^--^ complexes.](jp-2014-00781v_0006){#fig6}

This catalytic behavior resulting in selective "blocking" of the two forms of the metal centers provides us with convincing evidence that the stabilized form of metal nanoparticles play an important role in ORR activity in acid.^[@ref28]^ Moreover, it provides the first experimental proof of the two-site 2e^--^ × 2e^--^ ORR mechanism in acid earlier proposed^[@ref40]^ and single site pathways in alkaline discussed in our recent paper^[@ref33]^ (Figure [7](#fig7){ref-type="fig"}).

![Proposed ORR mechanistic pathways on Fe--N~4~/C and adjacent Fe~NPS~/C in acidic (H^+^) and alkaline (H~2~O/^--^OH) electrolyte.](jp-2014-00781v_0007){#fig7}

3. Conclusion {#sec3}
=============

In the present work, we have generated a structure-to-function relationship of the iron moieties present in Fe--N~*x*~--C-type catalysts synthesized by high temperature pyrolysis of various metal--nitrogen--carbon precursors across various laboratories. We were able to verify that despite the variety of precursors and their synthetic pathways used, the final activation step involving the thermal treatment leads to alike ORR active metal centers on carbonaceous surfaces, including Fe cations coordinated by pyridinic nitrogen atoms conforming to the earlier proposed Fe--N~4~/C sites and very durable forms of metal nanoparticles (Fe~NPs~/C). The Fe--N~4~ centers (often also defined as Fe--N~2+2~) have characteristic redox features at potentials fairly close to thermodynamic potential of oxygen reduction which is the main reason for the ORR activity of this type of sites where the Fe center ought to be in +2 oxidation state to ensure availability of an optimal active sites for ORR activation and the subsequent processes. Similarly to the heat-treated porphyrins with pre-existing Fe--N~4~ moiety,^[@ref33]^ the redox feature, occurring at unusually high potentials, is ensured by imbedding the Fe--N~4~ center within π-electron-deficient graphitic carbon ligand environment, resulting in a significant modification in the electron density and energy level of the e~g~-orbital (d~*z*^2^~) of the transition metal ion.

In both ranges of pH, the Fe--N site is involved in the ORR initiation process of O~2~ adsorption on the primary Fe^2+^--N~4~ site, and 2e^--^ reduction to peroxide intermediate. In alkaline pH the subsequent electroreduction of HO~2~^--^ intermediate proceeds on the same Fe^2+^--N~4~ active center to yield the overall 4e^--^ ORR mechanism. On the contrary, in acid media the H~2~O~2~ intermediate needs a secondary active sites, in this case Fe~NPs~/C, which situated at close proximity to the primary Fe--N~4~ centers to ensure the subsequent reduction to the 4e^--^ product or else the peroxide intermediate desorbs into electrolyte resulting in only an overall 2e^--^ ORR mechanism. The detailed form of these active iron nanoparticles is not yet well understood. Based on our *in situ* XAS observations, including Fe--Fe bond distances correlated with overall activity of these catalysis, the active form of the Fe NPs is metallic form. However, the optimal NPs form has to be further studied. Based on our observations, these nanoparticles play an important role in ORR activity. Their detailed function however is still under question. It is possible that the metal particles act as dopants, which change electronic structure of the neighboring atoms, perhaps carbon or nitrogen, activating the last toward oxygen reduction.

A careful synthetic prearrangement of active centers in the non-N~4~/C precursors results in formation of graphitic structure consisting of bifunctional active sites Fe--N/C and Fe~NPs~/C, upon the heat treatment, with the letter being of special importance in the acidic media. Our experimental data provide undeniable evidence of the synergistic effect of the surface bound uncomplexed form of metallic Fe nanoparticle centers as part of the active surface which enables faradaic reduction of peroxide intermediate resulting in the 2e^--^ × 2e^--^ mechanism in acidic electrolyte. The overall activity of such materials strictly depends on density of the available active sites and their durability. The recent methodologies have proven the first with still some room for the latter. The work presented here however should leave no doubts whether or not the transition metal is important to obtain the best performance of this group of materials. Further, understanding the distinct functions of these two types of metal center in both ranges of pH provide us with an important guidance of how to tailor synthesis processes of these materials to obtain optimal surface properties for specific applications.

4. Experimental Section {#sec4}
=======================

All mechanistic studies presented in this work were performed on in-house developed Fe--N~*x*~--C catalysts pyrolytically synthesized using poly(*N*-vinylamine guanidine) (PVAG) and cross-linked poly(ethylene imine) networks (xPEI) based on nitrogen/oxygen containing metal complexing polymeric precursors. Other Fe--N~*x*~--C catalyst provided by our collaborative laboratories, including PANIFeCo^[@ref9]^ developed by Los Alamos National Laboratory (LANL) and Fe-AAPyr^[@ref19]^ by the University of New Mexico (UNM), were studied as well to verify the common structural and functional nature of the metal centers present in these class of non-precious-metal catalysts. *In situ* X-ray absorption spectroscopy was employed to identify the various structural and electronic forms of iron centers present in these non-precious-metal catalysts. Data collection and analysis of the extended (EXAFS) and near (NEXAFS) structure including the subtractive Δμ technique.

Materials Preparation {#sec4.1}
---------------------

Synthesis of the PANIFeCo is described elsewhere.^[@ref9]^ Briefly, prior to pyrolysis, the PANIFeCo precursor is prepared from polyaniline (PANI) prepolymer supported on carbon black and further polymerized in the presence of iron and cobalt salts.^[@ref9]^ The Fe-AAPyr catalyst is prepared by pyrolysis of silica templated aminoantipyrine (AAPyr) as N-precursor and Fe-salt and removal of the sacrificial support after the heat treatment resulting in open-structured MNC network.^[@ref15]^ The PVAG-Fe catalysts was prepared by pyrolysis of the prior synthesized poly(vinylamine guanidine)--Fe complex (PVAG-Fe) supported on functionalized carbon black (Ketjen Black 600JD) precursor at 950 °C for 1 h in argon atmosphere. The PVAG polymer was synthesized following procedure previously employed by Bromberg et al.^[@ref67]^ Briefly, the procedure follows three step syntheses. The first radical polymerization of *N*-vinylformamide to poly(*N*-vinylformamide) (PVF). The PVF is hydrolyzed to poly(*N*-vinylamine) (PVA) in the second step, and finally, the PVA is partially (∼30--40% quanidized) to form poly(*N*-vinylamine quanidine) (PVAG). The separated and dried PVAG powder was dissolved in DI Millipore water, supported on functionalized carbon black, and then complexed with ferric chloride (FeCl~3~) to form carbon-supported PVAG-Fe precursor. The xPEI-Fe catalysts were prepared by pyrolysis (900 °C for 1 h in argon) of carbon-supported branched poly(ethylene imine) which was prior complexed with iron ions and subsequently cross-linked to form Fe-PEI networks.

Fe-AAPyr catalysts were prepared by the modified sacrificial support method.^[@ref15]^ First, calculated amount of fumed silica (Cab-O-Sil M5, surface area ∼200 m^2^ g^--1^) was dispersed in acetone with ultrasound probe. Then solution of aminoantipyrine (4-aminoantipyrine, Sigma-Aldrich) in acetone was added to silica and treated on ultrasound bath for 30 min. Finally, solution of iron nitrate (Fe(NO~3~)~3~·9H~2~O, Sigma-Aldrich) was added to SiO~2~--AAPyr solution and ultrasonicated for 12 h. After ultrasonication viscous slurry of silica and Fe--AAPyr was dried overnight at *T* = 85 °C. Obtained solid was ground until fine powder with agate mortar and pestle and used for heat treatment (HT). The general conditions of HT were: UHP nitrogen with flow rate of 100 cm^3^ min^--1^; HT temperature was 950 °C. Duration of experiment and heat treatment ramp were fixed as 0.5 h and 40° min^--1^, respectively.

Electrochemical Measurements {#sec4.2}
----------------------------

All the electrochemical measurements were performed at room temperature using rotating ring-disk electrode (RRDE) equipment purchased from Pine Instruments connected to an Autolab (Ecochemie Inc. model-PGSTAT 30) bipotentiostat. The 0.1 M HClO~4~ and 0.1 M KOH electrolytes were prepared from 70% double distilled perchloric acid (GFS Chemicals) and potassium hydroxide pellets (semiconductor grade, 99.99%, Sigma-Aldrich). A 30% Pt/C catalyst from BASF-ETEK (Somerset, NJ) was used as received. Catalyst inks were prepared by ultrasonically dispersing the catalyst powder in a 1:3 (by volume) ratio of water/isopropanol solution. Typical catalyst loadings employed were 600 μg/cm^2^ or 100 μg/cm^2^ (as specified in the [Discussion](#sec2){ref-type="other"} section) of non-PGM catalyst or 25 μgPt/cm^2^ of Pt/C catalyst on a 5.61 mm glassy carbon disk. Reversible hydrogen electrode (RHE) generated using the same electrolyte as the bulk was used as the reference electrode. The gold ring electrode was held at 1.1 V vs RHE in alkaline electrolyte and at 1.3 V vs RHE in acidic electrolyte to detect stable peroxide intermediate. Collection efficiency of the disk--ring electrode was 37.5%. All current values are normalized to the geometric area of the glassy carbon disk unless otherwise stated. All potentials are referred to the RDE scale.

Selective Removal/Blocking of the Metal Centers {#sec4.3}
-----------------------------------------------

The selective removal of active metal nanoparticles was achieved by addition of controlled amount of hydrogen peroxide to solution of acidic electrolyte (pH = 1) reservoir. For the RRDE studies, glassy carbon (GC) disk--ring electrode with the PVAG--Fe deposited on its surface was inserted to the peroxide containing electrolyte (total H~2~O~2~ concentrations used 0.03--0.12 mmol/mL) and subjected to CV cycling in the same potential range as used for standard RDE studies (0.05--1.2 V). Note that this treatment was being repeated until changes in performance were observed (20--100 cycles). After the treatment, the electrode was washed with Millipore DI water and dried. Effect of the treatment was evaluated with RRDE measurements of the same electrode before and after the distortion procedure. Catalyst performance before and after its structural alteration was evaluated in both 0.1 M HClO~4~, and then 0.1 M KOH, thoroughly rinsing the working electrode with Millipore DI water between switching the electrolytes to avoid any cross-contamination. To verify modes of the structural distortion in the catalyst upon the destructive treatment, the same peroxide involving electrochemical procedure was applied for *in situ* XAS studies (described latter), using specially designed flow-through half cell described by Arruda et al.^[@ref56]^ Similar to the above RRDE studies, here the effect of treatment was monitored by collecting *in situ* XAS spectra before and after the treatment, repeating the process until structural changes were observed. After the destructive procedure, the cell was taken apart. The electrode with the catalyst was taken out, thoroughly rinsed with Millipore DI water, and assembled into a new *in situ* cell filled with fresh electrolyte to recollect *in situ* XAS spectra. Selective poisoning of the Fe--N centers was studied by collecting CV's in O~2~-free electrolyte and RRDE ORR polarization curves (in O~2~-saturated electrolyte) before and after dosing 8.5 mM solution of potassium cyanide into the electrolyte to total CN^--^ concentration 10 and 20 mmol/L. To avoid any variations related to catalyst loading onto the electrode, the same batch of the catalyst-containing GC was used for the whole set of experiments. Effect of the CN^--^ addition was monitored in both 0.1 M HClO~4~ and 0.1 M KOH. The working electrode was rinsed with DI Millipore water between switching the electrolytes to avoid any cross-contamination.

X-ray Absorption Spectroscopy (XAS) Measurements {#sec4.4}
------------------------------------------------

All XAS studies were performed on Fe K-edge (7112 eV) at X3B beamline of National Synchrotron Light Source at Brookhaven National Laboratory, Upton, NY. The *in situ* XAS spectra were collected using a specially designed flow through cell described elsewhere,^[@ref56]^ where the argon- or oxygen-saturated electrolyte (0.1 M HClO~4~) was constantly supplied from the main reservoir. While *ex situ* spectra were collected in transmittance mode, fluorescence mode was used for all *in situ* scans using a 32-element Ge detector. Detailed XAS data analysis including EXAFS fitting and subtractive Δμ has been previously described elsewhere.^[@ref56]^ Spectra at Fe K-edge were collected in fluorescence mode using a 32-element GE solid state dectector. Measurements were made at different electrode potentials from 0.1 to 1.0 V. Before each measurement, the cell was held for 5 min to reach a steady current response. The data were processed and fitted using the Athena^[@ref68]^ and Artemis^[@ref69]^ programs. Scans were calibrated, aligned, and normalized with background removed using the IFEFFIT suite.^[@ref68]^ The χ(*R*) transforms were modeled using scattering paths calculated by the FEFF6 code.^[@ref70]^

Δμ Analysis {#sec4.5}
-----------

Data analysis for Δμ studies at the Fe K-edge involved specific normalization procedures are detailed elsewhere.^[@ref59],[@ref61],[@ref62],[@ref71],[@ref72]^ Difference spectra were obtained using the equationwhere μ(V, Ar, or O~2~) is the XANES of the catalyst at various potentials in Ar- or O~2~-saturated electrolyte, and μ(0.3 V, Ar) is the reference XANES signal at potential of 0.3 V (Ar-saturated electrolyte), at which no evidence for electrochemical adsorbates (H~upd~, O~ads~, OH~ads~) were observed with the iron-based MNC catalysts. Theoretical Δμ (Δμ~t~) curves were constructed using the FEFF8 code^[@ref73]^ as follows:where the oxide species (O~ads~ or OH~ads~) are in a specific binding site on Fe. The theoretical Δμ spectra are often shifted by to 5--10 eV, which ought to be adjusted and scaled by a multiplication factor, if necessary, for optimal comparison with experimental data.^[@ref60],[@ref74]^

Table S1: comparative electrochemical parameters of MNC catalysts versus Pt/C based on RDE measurements; Table S2: potential dependent FT EXAFS fitting results of the PVAG-Fe catalyst collected *in situ* at Fe K-edge (7112 eV) in O~2~-saturated 0.1 M HClO~4~; Figure S1: effect of PVAG--Fe catalyst loading on ORR performance in acid and alkaline media; Figure S2: effect of catalyst distortion on RRDE response: Koutecky--Levich plots and peroxide yield based on ring current; Figure S3: estimation of Fe--N/Fe~NPs~ ratio in the PVAG--Fe catalyst based on theoretical XANES and Δμ signatures of Fe--N~4~C~10~ and Fe--Fe janin cluster. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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